Plasma protein fractions show characteristic differences in their polarographic behavior after being subjected to alkaline digestion.
To Professor tsamu Tachi on his 63rd birthday.
(Received Nov. 2, 1962) Plasma protein fractions show characteristic differences in their polarographic behavior after being subjected to alkaline digestion.
Serum albumin (fraction V) in particular is unique in that it produces a catalytic double-wave in divalent cobalt buffer which increases markedly during the first 10 -20 minutes of digestion and then decreases gradually during the following hour. During this same period of digestion no sulfosalicylic acid-soluble split products are formed which produce catalytic polarographic waves in trivalent cobalt buffer. When the same albumin is subjected to tryptic digestion instead of alkaline denaturation, the results are quite different. Not only does the doublewave in divalent cobalt buffer increase without a decay reaction (at least during 5 hours) as the digestion progresses, but also split products are formed that are sulfosalicylic acid-soluble and give a catalytic wave in trivalent cobalt buffer. This catalytic wave is peculiar in that it shows only the first peak of the catalytic double wave". This finding led to a more detailed study of the proteolytic action of trypsin which involved an investigation of the stability of trypsin preparations5' and a comparison of polarographic data with known methods for the assay of tryptic activity6', as far as possible. It has also led to the development of a sensitive and rapid polarographic method for assaying the activity of trypsin which is presented here. Trypsin and its proteolytic action have been studied polarographically on numerous occasions. It was found that trypsin itself, like other proteins, produces a catalytic double wave in divalent cobalt buffer and that the relationship between trypsin concentration and wave height resembles a Langmuir adsorption isotherm. The wave height of trypsin is much smaller than that of plasma at corresponding concentrations and the second wave is always higher than the first wave, even in the most dilute solutions*.
Tryptic digestion of fibrinogen's or insulin increases their polarographic wave heights as the digestion proceeds. However, in the case of ovalbumin, preliminary alkaline denaturation is necessary before the effects of tryptic digestion can be ascertained polarographically.
The first wave then decreases during the course of the tryptic digestion while the second wave increases for 20-40 minutes (depending on pH) before it, too, decreases. Sulfosalicylic acid-soluble split products resulting from tryptic digestion have also been studied. They are usually analyzed in trivalent cobalt buffer to eliminate the effect of any cysteine that may be present. Thus alkaline-denatured ovalbumin or fresh dog sera were found to give catalytic double-waves which increased with the time of the tryptic digestion, but no measurable differences existed between sera from normal and infected dogs". The polarographic analysis of split products resulting from the digestion of serum albumin has been proposed as a method of trypsin assay by Stokrova but so far has not been tested on samples of known activity.
Stokrova states that "at the given concentration, the double wave merges into a single maximum," but from her published polarograms it is obvious that the contribution of the second wave is extremely small. Yet there seems to be a definite difference between this and our own observation of a pure first wave in similar filtrates which warranted further investigation, especially since typical polarographic double waves had been observed in earlier work.
From the data presented here it will become clear that the state of the protein, whether native or denatured, has an important influence on the polarographic behavior of the products formed during the tryptic digestion. That these products are indeed different is also concluded on the basis of dilution curves. These are suggested as a new method for the characterization of polarographically active substances that produce catalytic waves.
Chemicals
: A. Trypsin: Seven different trypsin preparations were used. They were usually dissolved in pH 7.1 phosphate buffer and used as quickly as possible to avoid self digestion. After we had established that certain trypsin samples were quite stable in distilled watery, we repeated some of the experiments with unbuffered trypsin preparations and ascertained that our principal observations remained unaltered. The activity of the trypsin preparations was determined by several methods. Besides Anson's modification of the hemoglobin method15, we used Kunitz's method16 with "Hammarsten Quality" casein as a substrate , and Schwert and Takenaka's method in which N-benzoyl-L-arginine ethyl ester serves as substrate. All three methods yielded results in which the relative values of the activity of the different preparation were essentially the same5~. *) In an exploratory study of four different trypsin preparations we found this to be true except for very dilute solutions (less than 1 mg. %) of the purest samples, but the ratio of the two wave heights varied from sample to sample. Compared on the basis of the protein nitrogen content of the solutions, the height of the first wave reflected to some extent the proteolytic activity of the sample, while the height of the second wave seemed to be related to its purity. Effect of Trrypsin on Lame Protein Molecules: Besides splitting off certain products, trypsin seems to alter the structure of the substrate protein, as evidenced by a change in the polarographic double wave, (largely a change in the second wave) in divalent cobalt buffer. To see this effect one must employ rather high concentrations of enzyme protein.
Procedure 1: Mix 0.5 ml of a 5 g/100 ml solution of crystalline bovine albumin in M/15 phosphate buffer of pH 7.1 and 0.5 ml of freshly prepared trypsin solution (0.01 to 0.5 g/100 ml) in the same buffer. Digest the mixture in a water bath at 37°C. Remove from it 0.05 ml samples at known intervals of time (up to 5 hours) and add them to 10.0 ml of DiCo buffer. Polarograph the resulting mixture immediately, at room temperature, starting at -1.0 v (res. SCE).
For buffer blank (BB) add 0.05 ml of phosphate buffer (pH 7.1) to 10.0 ml DiCo buffer. For enzyme blank (EB) mix 0.2 ml of the trypsin solution with 0.2 ml phosphate buffer and add 0.05 ml of the mixture to 10.0 ml DiCo buffer. If the EB is large, prepare a similar mixture and digest it for the same length of time as the unknown samples before adding aliquots to the DiCo buffer.
For protein blank (PB) mix 0.2 ml of the albumin solution with 0.2 ml phosphate buffer and add 0.05 ml of the mixture to 10.0 ml of DiCo buffer. The results of such analyses in a buffer of pH 7.1 are shown in Figure 1 for two trypsin preparations of about equal concentration. Note that their effects are essentially the same although the known activity of trypsin (P) is less than 10 % of the tryptic activity of trypsin (AL). One may conclude, therefore, that the reaction studied is perhaps influenced more by other enzymes that may be present as impurities.
This finding would be in accord with that of Northrop21 who compared crude and crystalline trypsin peparations.
As may be seen from Figure 2 , a much more dilute solution of trypsin (AL) hardly shows an effect in this procedure I. Yet this same concentration of trypsin liberates split products at a very rapid rate, as will be shown next.
Split products from serum albumin produced by tryptic digestion: Liberation of these products is followed polarographically by analysis of sulfosalicylic acid filtrates of the tryptic digests in trivalent cobalt buffer.
Procedure II: Mix 0.5 ml of a 5 g/100 ml solution of crystalline bovine albumin in M/15 phospl ate buffer of pH .7.1 and 0.5 ml of freshly prepared trypsin solution (0.001 to 0.5 g/100 ml, depending on activity) in the same buffer. Digest the mixture in a water bath at 37 °C. Remove 0.5 ml samples at known intervals of time, add them to 0.5 ml of a solution of 20 g/100 ml sulfosalicyclic acid and shake the mixture. After 10 minutes' standing, filter the solution through Whatman No. 5 filter paper. When convenient, add 0.5 ml of the clear filtrate to 5.0 ml of standard TriCo buffer. Analyze the resulting mixture polarographically, open to air, at room temperature.
The comparison blanks are prepared as in procedure I and then subjected to sulfosalicylic acid treatment and filtration as above.
To illustrate this type of analysis, the filtrates from a dilute trypsin (AL) and a 40 times as concentrated trypsin (P) digest have been selected and are presented in Notice that in both instances the wave height increases rapidly for the first hour and thereafter continues to increase more slowly . When the trypsin content is reduced, as in Figure 4 , the rate of rise of the polarographic wave height is considerably slower, and can be followed more readily.
In the interpretation of these polarograms, one must keep in mind that the heights of Trypsin (P), 0.2g/100 ml. Filtrate Material from Tryptic Digests of CBA: In order to have some means for a quantitative analysis of the filtrate (F) substance from the tryptic digestion (TD) of crystalline bovine albumin (CBA), we constructed a calibration curve on the basis of known dilutions of numerous filtrates with high catalytic currents (for an example, see Figure 5 ). We found that all such curves could be superimposed after correction for concentration and therefore could be treated as representing a single substance. Furthermore, when we plotted the inverse function, e.g., 1/wave height vs. 1/ concentration, a straight line could be drawn through the experimental points. This enabled us to construct the calibration curve shown in Figure 6 . In this, the concentration of the unknown F-material, giving rise under the given conditions to a catalytic wave equal to 1pA/mm2 current density is called one F-Unit, (FU). Such an F-unit does not necessarily represent the concentration of a single substance, but, as will be shown later, it can be used to characterize a single substance or groups of substances that show identical polarographic behavior. The concentration of such other Fmaterials can then also be represented by corresponding F-units. Nature of the F-Material : A number of experiments have been performed in an attempt to find out more about the nature of the F-material".
In Figure 7 is shown the effect of prolonged dialysis of such filtrate material. The top polarogram presents the effect of dilution of a typical sulfosalicylic acid filtrate from CBA after tryptic digestion at pH 7.1. Note that there is only one peak, corresponding to the first wave of the protein doublewave, down to the lowest concentration used. Also note that with increasing concentration there is an increase in the third wave, i.e., the height of the minimum following the catalytic wave. Furthermore, the cobalt maximum is complety suppressed at the higher concentrations.
The effect of dialysis is demonstrated by the lower polarogram of Figure  7 . Apparently the maximum suppressor is largely removed and the minimum following the catalytic wave is always equal to the cobalt diffusion current. This suggests that the compounds responsible for the maximum and the minimum currents must have relatively low molecular weights. The slight asymmetry of the peak of the catalytic wave does not necessarily mean the presence of a second wave, especially since to date no theoretical explanation is available for the decrease in current following the peak on any of the cobalt-catalyzed waves.
The F-material is relatively heat-resistant. Evaporation to dryness on a steam bath, followed by dissolution in water equal in volume to the original solution does not alter its polarographic activity, as may be seen from Figure 8 . Preliminary attempts to determine the cysteine content of the dialyzed F-material after hydrolysis with concentrated hydrochloric acid have not produced conclusive answers. Polarograms of such hydrolysates always showed a definite although very small wave in DiCo buffer that was absent in TriCo buffer, but the quantitative aspects of the analyses were never quite satisfactory, Fig. 7 . Dilutions of filtrate from 4 hour digests of 2.5 g/100 ml CBA and 0.5 g/100 ml trypsin (P) in pH 7.1 phosphate buffer (Procedure II). To 5.0 ml TriCo buffer was added 0.5 ml distilled water containing portions of the filtrate in the ratios of 1 : 2 : 4 : 6 : 8 10 (curves a-f). Upper polarogram: Filtrates before dialysis (curve f is at 1/150, curves a-e are at 1/ 100 galvanometer sensitivity). Lower Polarogram : Filtrates after dialysis of 4 days against phosphate buffer followed by 6 days against distilled water. At sensitivity 1100. BB: Buffer blank at two galvanometer sensitivities. Kinetics of the Tryptic Digestion of CBA: If a polarogram, such as the one shown in Figure 4 is analyzed in terms of F-Units on the basis of the calibration curve of Figure 6 , a linear increase in the concentration of the end-products (F-material) is observed as a function of time ( Figure 9 , curve A). This is in accord with the general finding that the enzymatic action of trypsin starts as a zero order reaction. However, this rate is usually not maintained over a very long period of time, whereas in the present case it lasts for all of the five hours of digestion. Curve B of Figure 9 also shows a zero order reaction at the same trypsin concentration but with a lower substrate concentration, (0.15 g/100 ml CBA, vs. 0.5 g/ 100 ml for curve A). The slope of the straight lines should be proportional to the activity (or concentration, if the same enzyme is used) of the enzyme. Obviously this is only true at the same substrate concentration; we find the slopes in a ratio of 5:1, when the substrate concentrations are in a ratio of 5: 1.5. When the ratio of enzyme concentration to substrate concentration is increased, a different picture presents itself. The linear portion of the F-Unit res. time curve lasts for a much shorter time, after which there is an asymptotic approach to a limiting value (See curves C and D of Figure 9 ). At both of the given concentrations of substrate, the ratios of the slopes of the zero order reactions for the two enzyme concentrations are about 1: 7.5 instead of the expected ratio of 1:10. This discrepancy is probably caused by the fact that in this instance the indicated concentrations of enzyme were not actually determined in solution, but based merely on the weight of the small quantities of enzyme that had been weighed out.
Instead of drawing a smooth curve through the experimental points, we have arbitrarily drawn straight lines through the second asymptotic portion of curves C and D of Figure 9 which cross with the lines representing the zero order reaction. This was done to emphasize a phenomenon which, we believe, warrents further investigation. We speculate that the crossing point of the two sets of straight lines suggests that up to a certain point, determined by the concentration of substrate, F-material is produced at a uniform rate from sites on the protein that are readily accessible. This rate is fast in the presence of much enzyme and slower when the enzyme concentration is less. When the readily split-off products are gone, a new rate starts which is governed by a slower process. This may involve some denaturation of the substrate, essential before more material can be split off. In agreement with this view is the fact that the crossing points are roughly proportional to the substrate concentrations even up to CBA concentrations of 2.5 g/100 ml (as in Figure  3A ). Figure   10 
